Background
Introduction
Hearing impairment is one of the most common birth defects in humans. Approximately 50% of all congenital deafness cases are attributable to genetic causes [1] . To date, nonsyndromic sensorineural hearing loss (SNHL) is known to be associated with 30 genes with autosomal dominant inheritance and more than 50 genes with autosomal recessive inheritance [2] . The MARVELD2 gene (MAL and Related proteins for Vesicle trafficking and membrane Link Domain containing 2), also known as TRIC and included in the autosomal recessive group, is located on the chromosome 5q13.2 and linked to the DFNB49 locus [3, 4] . Human MARVELD2 gene encodes the MARVELD2/tricellulin protein composed of 558 amino acids [4] . This transmembrane protein is mainly concentrated in tricellular tight junctions (tTJ) in the epithelial cells of all tissues, including cochlear supporting cells, hair cells and marginal cells of stria vascularis, and also weakly present in bicellular tight junctions (bTJ) [5, 6] . In the tTJ, tricellulin provides connection between three epithelial cells, thus playing a critical role in forming an epithelial barrier against paracellular flux of ions and solutes, which is essential to maintain the ion composition of inner ear fluids and proper hearing function [5] . In humans, mutations in the MARVELD2 gene lead to nonsyndromic, bilateral, prelingual moderate to profound deafness [4, 7] . However, the Marveld2 knock-in mice (ortholog mutation to human c.1498C>T, p.Arg500 Ã ) had progressive hair cell degeneration accompanied by rapidly progressing hearing loss, although the endocochlear potential and function of stria vascularis were unaffected. Ultrastructural changes of TJ's in the sensory epithelium of the inner ear may selectively change the paracellular permeability of ions or small molecules, resulting in a toxic microenvironment for cochlear hair cells [8] .
The nonsyndromic autosomal recessive deafness locus DFNB49 was initially mapped by Ramzan et al. (2005) in two Pakistani families. To date, six deafness causing recessive mutations in this gene have been identified in 15 families worldwide [4, 7, 9, 10] . Initially, these mutations were only found in patients of Pakistani origin [4, 7] . But more recently, the mutation c.1331+2 T>C (IVS4+2T>C) has also been identified in the European Roma population, possibly contributing significantly to the deafness etiology within this ethnic group [10] in the MARVELD2 gene may therefore represent an important cause of nonsyndromic hearing loss in both of these populations with a possible common ancestry. The Romanies are a unique population that according to many relevant historical studies migrated from South Asia into Europe between the 5 th and 10 th century [11, 12] . Genomewide studies estimate that the initial founder Roma population originated from Northwest India approximately 1.5 thousand years ago. They migrated through the Middle East and spread into Europe about 850-900 years ago [12, 13] . Here, the Roma population forms a conglomerate of genetically isolated founder subpopulations [14] , characterized by high inbreeding rate [15] and increased frequency of multiple autosomal recessive disorders compared to the majority Caucasian population. Studies on several hereditary disorders occurring in Roma populations from Central Europe have been performed, including congenital glaucoma [16] [17] [18] , phenylketonuria [19] , hereditary thrombophilia [20] and hemochromatosis [21] in Slovakia; pontocerebellar hypoplasia type 1 [22] and Charcot-Marie-Tooth disease type 4 [23] in the Czech Republic; carnitine-responsive cardiomyopathy [24] and galactokinase deficiency [25] in Hungary. The most frequent genetic cause of hearing loss identified so far in the Slovak Roma population is the c.71G>A (p.Trp24 Ã ) mutation in GJB2 gene [26] . This corresponds to data from several other
European countries [27] [28] [29] .
In our present study, the previously detected prevalence of the MARVELD2 mutation in Czech Roma patients is taken into account with the above mentioned unique geographic and demographic history of the Roma population in Europe, and with respect to the common geopolitical history shared by three neighboring countries (Slovakia and Czech Republic in former Czechoslovakia twenty years ago or Slovakia, Czech Republic and Hungary in Austro-Hungarian Empire one hundred years ago). Thus, we sought to determine: 1) The prevalence of MAR-VELD2 mutations in the Slovak and Hungarian hearing impaired Roma patients, 2) whether mutations found in the Roma population of the three Central European countries have a common origin, and 3) evaluate a possible linkage to the presumed common ancestor with the Pakistani population.
Patients and Methods

Study source population and inclusion criteria
Slovakia. One hundred forty-three unrelated hearing impaired Roma individuals without biallelic GJB2/GJB6 mutations were selected for MARVELD2 analysis. Of these, DNA samples from 86 patients came from DIABGENE Laboratory, IEE SAS. They were collected at boarding schools for hard of hearing located throughout Slovakia (Bratislava, Kremnica, Lučenec, Krás-nohorské Podhradie, Levoča, Prešov) and at the ORL department of the University Hospital in Bratislava in the frame of nation-wide screening for hereditary hearing loss in Slovakia (2010) (2011) (2012) (2013) . Another 57 samples originated from Dept. of Molecular Biology, Faculty of Natural Sciences, Bratislava and were selected from a DNA repository containing samples from previous studies on nonsyndromic deafness and samples sent by clinical geneticists.
A control group of 200 unrelated normal hearing Roma individuals was selected and tested for presence of the c.1331+2T>C mutation to assess its frequency in the general Roma population.
To screen for the c.1331+2T>C mutation in Slovak patients of non-Roma origin, a control group of 375 GJB2 negative unrelated Slovak (Caucasian) patients, matched for the hearing loss phenotype (nonsyndromic severe to profound bilateral sensorineural hearing loss of prelingual onset), was also tested.
All participants provided their written informed consent to participate in this study. This study has been approved by the Ethics Committee of the University Hospital in Bratislava, Slovakia.
Hungary. Eighty-five unrelated hearing impaired Roma patients, irrespective of their GJB2 status, were analyzed for the presence of the identified c.1331+2T>C mutation in MAR-VELD2 gene. They originated from Northeastern Hungary (Borsod-Abaúj-Zemplén County), near the Slovakian border.
The control group composed of 502 unrelated normal hearing Roma individuals was used to estimate the mutation frequency in the Hungarian Roma population. Approximately half of the controls also came from the Northeast Borsod-Abaúj-Zemplén County, and the other half from the Baranya County in the southern part of Hungary.
Czech Republic. Five MARVELD2, c.1331+2T>C homozygous DNA samples from 3 families, identified in a previous study [10] , were genotyped for common haplotype determination analysis.
Pakistan. Four homozygous patients with MARVELD2 related deafness from two families, one family harbouring the c.1331+2T>C mutation and the other with the c.1183-1G>A mutation, were analyzed for a common haplotype. Family PKDF800 was enrolled from the Punjab province, while family PKDF941 was originated from the Khyber Pakhtunkhwa province of Pakistan. All patients were analyzed for a common haplotype.
MARVELD2 gene sequencing and detection of the c.1331+2T>C mutation
Direct sequencing of the six exons and intron-exon boundaries of the MARVELD2 gene was performed using previously published primers [10] . PCR products were sequenced according to standard procedures (Big Dye Terminator Sequencing Kit v3.1, Life Technologies, USA) and analyzed on the ABI 3500 genetic analyzer (Life Technologies, USA). Sequences were compared with reference sequence from GenBank NG_017201.1 using the SeqScape software (version 2.7; Life Technologies, USA).
The identified c.1331+2T>C mutation was subsequently screened in population samples by restriction digest detection after PCR amplification. DNA samples were amplified using 5 CCC ACC TGA TCT TCT TCC TC 3´(forward) and 5´AAA GCC AGA TTT TAT TCA TCC TCT A 3´(reverse) primers and digested with Bsh1236I (BstUI) (Thermo Fisher Scientific, USA) to yield fragments of 727bp for the wild type allele and 480bp and 247bp for the mutant allele.
In silico analysis of the novel variant 
Haplotype analysis
Twenty one single nucleotide polymorphisms (rs542778, rs4699896, rs4976108, rs67911569, rs10059317, rs56103849, rs4252228, rs1168405, rs1168402, rs299086, rs299093, rs2434507, rs299075, rs299078, rs28652974, rs28409706, rs468467, rs188123810, rs467880, rs466930, and rs2133729) spanning 5.34 megabases around the c.1331+2T>C mutation were genotyped. Polymorphisms were selected from the dbSNP database with respect to their chromosomal position and minor allele frequency (MAF) value. Haplotype analysis was performed in seventeen c.1331+2T>C homozygous patients: 5 Slovak probands, 7 Hungarian probands, 5 Czech (3 probands, 2 relatives) and 4 Pakistani patients from 2 families (2 relatives homozygous for c.1331+2T>C mutation and 2 relatives with homozygous mutation c.1183-1G>A).
A control group of 20 unrelated hearing impaired Roma patients and 36 unrelated normal hearing Roma individuals without the c.1331+2T>C mutation was genotyped along to determine genetic variability of the selected SNP markers. All markers were genotyped by Sanger sequencing using ABI BigDye v3.1 chemistry after standard PCR amplification (5 PRIME master mix; 5 PRIME, D) and ExoSAP (Affymetrix, USA) purification.
Audiological evaluation
Hearing thresholds were recorded by pure tone audiometry (PTA) or auditory steady state responses (ASSR), depending on the subject's age and cooperation.
Results
DNA analysis of the MARVELD2 gene in Slovak patients
Screening of 143 unrelated hearing impaired Roma individuals from Slovakia detected the c.1331+2T>C mutation in a homozygous state in five (3.5%) and in a heterozygous state in one affected individual. Subsequent sequencing of MARVELD2 did not reveal any other pathogenic mutations. Additionally, five polymorphisms (c.98C>T, c.898T>A, c.1146+105G>A, c.1147-9T>G, c.1331+42G>A) were identified in homozygous state in five individuals and one variant of unknown pathogenicity (c.950G>A) (rs148416461) was found in heterozygous form. Bioinformatic tools predicted the c.950G>A variant to be probably pathogenic (PolyPhen2 score = 1.000; SIFT score = 0; MutationTaster score = 43).
Screening of 200 unrelated normal hearing Romanies revealed nine individuals heterozygous for the c.1331+2T>C mutation. However, this mutation was not found in the group of 375 hearing impaired non-Roma (Caucasian) patients.
DNA analysis of the MARVELD2 gene in Hungarian Roma patients
Analysis of the c.1331+2T>C mutation in the group of 85 unrelated deaf Hungarian Romanies identified seven homozygous and three heterozygous patients. In this group, the prevalence of c.1331+2T>C homozygotes was 8.23%. In the control group of 502 normal hearing Hungarian Romanies, the c.1331+2T>C mutation was found in 5 heterozygous individuals.
Frequency of the c.1331+2T>C mutation
The observed frequency of the c.1331+2T>C allele in Slovak Roma hearing impaired patients was 3.85% (95% CI = 1.6-6.1%), while in unaffected Slovak Roma population the frequency was 2.25% (95% CI = 0.8-3.7%). The allele frequency of the mutation in the sample of Hungarian hearing impaired Roma patients was 10.0% (95% CI = 5.5-14.5%), which is nearly three times as much as in the Slovak deaf study group. On the other hand, the 0.5% (95% CI = 0.45-1.70%) allele frequency in the Hungarian healthy Roma population was approximately four times lower than in Slovak healthy Romanies. In the sample of 375 non-Roma Slovak patients with hearing loss, the c.1331+2T>C mutation was not detected.
Haplotype analysis
To confirm the common ancestry of the c.1331+2T>C mutation in all patients from our study, as well as among the Pakistani and Czech subjects where the mutation was first detected, we analyzed 21 SNPs located within approximately 5.34 megabase region around the mutation.
The identified common haplotype defined by 18 SNP markers (approx. 3.89 megabases), was shared by all Czech, Slovak and Hungarian Roma patients in a homozygous state, suggesting a common ancestor for this mutation in Central European Roma patients (Fig 1) . To determine presence of the identified haplotype in the population sample, a selected subset of SNPs was also genotyped in 56 unrelated Roma individuals without the mutation. The haplotype spanning 18 SNPs was not detected in a homozygous state in any of the analyzed control samples, supporting the hypothesis of a common ancestry of this mutation among these patients. However, in five of control samples (showed in Fig 1) , a shorter haplotype in homozygous state was detected. The rest of genotyped control samples did not possess homozygous haplotypes similar to the identified disease haplotype. To further support the existence of the common risk haplotype, the cosegregation of the identified haplotype with the c.1331+2T>C mutation was analyzed within a single family. As shown in the Fig 2, alleles forming the risk haplotypes are present in the affected and carrier individuals.
Fourteen common SNPs shared among two members of one Pakistani family and all Roma patients carrying the homozygous c.1331+2T>C mutation were found. In contrast, members of the second family of Pakistani origin harboring the c.1183-1G>A mutation possessed an identical homozygous region with the both the Pakistani and Roma patients of only nine SNPs wide (Fig 1) .
Hearing loss phenotype in the homozygotes
Relevant audiological data were only available for Slovak hearing impaired subjects (n = 6) from five families. The age of these patients ranged between 6-23 years. All of them suffered from prelingual non-progressive bilateral moderate to profound sensorineural hearing loss (Fig 3) , with a downsloping audiometric curve in most of the affected individuals. The hearing loss was partially compensated by conventional hearing aids in all but one subject with profound hearing loss. None of the tested cochlear implant users carried mutation in the MAR-VELD2 gene.
In the Hungarian subgroup, all homozygous probands had bilateral severe to profound deafness with minimal residual hearing. The hearing loss onset was also in the prelingual period (diagnosed between 0-12 years). 
Discussion
Prevalence and epidemiology of MARVELD2 mutations
To date, only eleven families of Pakistani, three of Roma and one of Iranian origin with MAR-VELD2-associated deafness are known in the existing literature [3, 4, 7, 10, 9] . The most frequent mutation is the c.1331+2T>C, identified in nine families [4, 7, 10] . In our study, this mutation was found in homozygous form in twelve additional Roma families originating from two Central European countries (Slovakia and Hungary). The prevalence of MARVELD2 related hearing loss was 3.5% in the group of deaf Slovak Roma individuals and 8.23% in deaf Hungarian Roma individuals. In contrast to our initial expectations, these prevalences, particularly in Slovakia, are lower than previously reported for the Roma population in the Czech Republic (15.8%) [10] . The difference could be explained by the small sample size of the Czech study (3 positive of 19 tested families) [10] , or by the effect of genetic drift between populations. In Pakistani population, the prevalence of MARVELD2 deafness in the hearing impaired subjects has been estimated at 1.30% [7, 30] , which more closely resembles the data acquired in Slovakia.
When we look at the allele frequency of the c.1331+2T>C mutation, we can see a similar contrast between the groups of Slovak (3.85%) and Hungarian (10.0%) deaf Romanies. However, a 4.5 times higher difference in opposite direction was detected in the carrier rate of the MARVELD2 mutation between control groups of healthy Slovak 4.5% (1:23) and Hungarian 1% (1:100) Roma individuals. The carrier rate in the Czech Romanies has been established at 2% (1:48) [10] .
It is difficult to determine the exact prevalence of the c.1331+2T>C homozygotes in Slovakia due to missing data describing the number of deaf Romanies in the country. There are estimates that approximately 10,200 individuals of the total population in Slovakia counting about 5.5 million are bilaterally deaf [31] . According to data from Universal Newborn Hearing Screening Program gathered between 2009 and 2011, the incidence of congenital deafness in Slovakia is 1.20 per 1000 newborns (unpublished data). Moreover, it is believed a further 2-3 cases per 1000 newborns have congenital hearing loss to a milder degree [32] . Furthermore, if we consider that the Roma population in Slovakia represents about 7.45% of the total population [33] and the prevalence of c.1331+2T>C homozygotes in GJB2 negative hearing impaired Romanies was shown to be 3.5%, we may estimate that MARVELD2 related deafness in Slovakia may affect up to approximately 80 families. This calculation does not take into account the inbreeding rate, which in Slovakia is the highest recorded for a European Roma population [15] . Thus, the actual prevalence may be even higher and further screening in Roma subpopulations particularly in Eastern Slovakia will be required. Exact input data for Hungary and Czech Republic are not available, although similar numbers of patients (adjusted to the country populations) could be expected.
The other five pathogenic mutations of the MARVELD2 gene, (c.1183-1G>A, c.1498C>T, c.1331+1G>A and c.1331+2delTGAG), to date only found in Pakistani [4, 7] and c.1543delA in Iranian population [9] , were not detected by sequencing of the six coding regions in any of the 143 unrelated deaf Slovak Roma tested subjects. However, we have identified one variant with unknown pathogenicity (c.950G>A) leading to amino acid exchange (Arginine to Glutamine) at protein position 317. This variant was detected in five individuals in heterozygous form. It was not present in the 1000 Genomes project Phase 1 release (www.ncbi.nlm. By analyzing the c.1331+2T>C mutation in a Non-Roma (Caucasian) population (in a control group of 375 hearing impaired Slovak Caucasians), we have confirmed previous findings that occurrence of this mutation in Europe is probably restricted to the Roma population, and is still not known in Slavic Caucasian ethnicity [10] .
Haplotype analysis
Until now, MARVELD2 homozygous patients in Europe have only been detected in Czech Republic [10] , Slovakia and Northeastern Hungary (Fig 4) . Their geographic distribution includes different regions, despite a presumed isolation of certain Roma subpopulations (clans) in these countries. Two Czech families are from the Northwest region (Ústí nad Labem) and one from South Bohemia (České Budějovice). Three Slovak families come from the Eastern (Prešov County) and two from the Western (Nitra and Trenčín County) part of the country. All Hungarian homozygous individuals originate from Northeastern Hungary (Borsod-Abaúj-Zemplén County). But this is actually due to the fact that DNA samples of hearing impaired Hungarian Roma patients were only available from this particular region.
When looking for the possible common ancestry, key historical events concerning the Central European Roma population must be taken into account. These 3 neighboring countries were inhabited by different Roma subpopulations. In the Czech Republic, nearly the entire original population of Bohemian Romanies was exterminated during the World War II holocaust in the Nazi concentration camps. Subsequently, according to the communist regime's social engineering projects in former Czechoslovakia, Roma were moved from their original rural settlements in Slovakia (particularly from its eastern parts) to tenement blocks in Czech cities [35, 36] . Consequently, the vast majority of current Czech Romanies also originate from Slovakia. Dominant Roma subpopulations in the Slovak Republic include Romungro (Carpathian Roma) and Valachian (Olah) Roma. In Hungary, three major Roma groups, the Romungro (inhabiting most of the country), Valachian (in Northern Hungary) and Boyash (mostly in Southern Hungary) are recognized [37] .
In the present study, we tested whether patients with the c.1331+2T>C mutation share a common ancestral haplotype. In seventeen Roma patients (5 Slovak, 5 Czech and 7 Hungarian), we genotyped 21 biallelic polymorphisms spanning approxximately 5.34 Mb around the mutation. Haplotype analysis revealed a common haplotype of 18 SNPs (approx. 3.9 Mb) which was present in the homozygous state in all Roma c.1331+2T>C patients but none of the 56 control Roma individuals. These data support the hypothesis of common ancestor for the c.1331+2T>C mutation in all analyzed Slovak, Czech and Hungarian Roma patients.
The origin of the founder Roma population is considered to be in Northwest India [12] . So far, MARVELD2 positive deafness cases are only known from Pakistan, Iran and Czech Republic (Central Europe) [4, 7, 9, 10] , not from India. Studies on two other diseases (Neuronal ceroid lipofuscinosis and Congenital myasthenia syndrome) have already revealed a presumed common ancestor for Roma and Pakistani populations [38, 39] . We therefore additionally analyzed two c.1331+2T>C Pakistani patients, whose haplotype was identical to European Roma patients and consists of fourteen SNPs (approx. 3.36Mb). This may indicate the same origin of c.1331+2T>C mutation in Roma and Pakistani patients. When we compared two Pakistani [33, 34] . This data is not available for the Czech Republic. families, each containing different MARVELD2 mutations, we only found 9 shared SNP markers (Fig 1) .
Hearing loss phenotype in c.1331+2T>C homozygous carriers
The phenotypes of six Slovak patients with MARVELD2 related deafness (Fig 3) correspond to available literature data. Although most of the patients carrying biallelic c.1331+2T>C mutation suffer from profound deafness, hearing loss resulting from this mutation may range from moderately-severe to profound, with certain inter-and intrafamilial variability [3, 4, 7, 10] . The mean audiograms calculated from hearing thresholds in our six patients show a milder degree of hearing loss compared to all previous studies. Patients in whom serial audiograms were available, seemed to have a stable, non-progressive hearing loss. It may indicate that the severity of hearing impairment is fixed in the early prelingual period and the interindividual variability is not much affected by postnatal environmental factors. Unfortunately, exact audiological data (pure tone thresholds) from Hungarian patients were not available as only severity and age of onset of hearing loss were noted in the accessible clinical files. Based on these data, hearing loss associated with MARVELD2 mutations is not known to develop in children older than 2-3 years, and may be considered congenital in vast majority of the cases.
Conclusions
Our study provides the first record of MARVELD2 related deafness in Slovakia and Hungary. It is also only the second study dealing with MARVELD2 mutations in SNHL in Europe, as well as in the Roma population in general. We demonstrate distinct variability in prevalence of the c.1331+2T>C mutation in different Central European Roma populations, which is currently the only mutation of the tricellulin gene identified in this ethnicity. Haplotype analysis of the c.1331+2T>C mutation supports the hypothesis of a common ancestry for Slovak, Czech and Hungarian Roma patients, as well as a common origin of the mutation in Roma and Pakistani patients. From clinical point of view, we recommend testing for the c.1331 +2T>C mutation in GJB2 negative Roma cases with early-onset SNHL. However, in contrast to the previous study in Czech Roma, our results did not provide as much support to regard it as one of the most important genetic causes of nonsyndromic deafness in Romanies. Future studies focused on other Roma subpopulations throughout Europe (particularly in the Mediterranean area) may further illuminate the relative importance of MARVELD2 gene as a deafness cause in Roma. According to recent data and our opinion, its testing is not necessary in the majority (Caucasian) population.
